The biodeterioration process involves every type of Cultural Heritage item, including monuments, stoneworks, frescoes, and easel paintings. The accurate study of the microbial and fungal communities dwelling on artworks, and involved in their deterioration, is essential for the adoption of optimal prevention and conservation strategies. Conventional restorative methods, that usually involve chemical and physical technologies, present some disadvantages, including short-term and unsatisfactory effects, potential damage to the treated works, human toxicity, and environmental hazards. Research in the field of restoration has paved the way for innovative biological approaches, or 'biorestoration', in which microorganisms are not only considered as an eventual danger for artworks, but rather as potential tools for restoration. The present review describes the main aspects of the biodeterioration process and highlights the most relevant biorestoration approaches: bioconsolidation, biocleaning, biological control, and new promising bio-decontaminating compounds.
Introduction
Biodeterioration represents a major and significant issue in Cultural Heritage conservation and restoration, which affects historic stonework, statues, monuments, and paintings. Although the term has been in use only in the last decades, it denotes "one of the oldest problems of mankind" and literally indicates "any undesirable change in the properties of a material caused by the vital activities of organisms", as defined by H.J. Hueck in 1965 [1] . Biodeterioration phenomena, generally considered as natural recycling processes of degradation of organic and inorganic matter, occur in any type of material, such as stone, wood, metal, paper, and parchment, and therefore clearly involves artworks, consisting of one or a combination of several materials, such as monuments, statues, paintings on canvas and frescoes. In addition, deterioration process is strongly influenced by climatic and environmental parameters, e.g., extreme temperature, high humidity levels, low ventilation condition, atmospheric pollution, that cause physical and chemical damage to artworks, not only those directly exposed to the open air, encouraging and accelerating the processes of colonization of damaging microorganisms, called "Biodeteriogens" [2] . The nature of the substrate influences the colonization of different biodeteriogens and the progress of contamination on the artwork's surfaces.
Deteriorating microorganisms are classified into different nutritional groups, based on their metabolic activities [3] . Early studies reported that the deterioration of artworks mainly consisting of inorganic materials (e.g., statues, monuments, and historical buildings) is carried out especially by autotrophic microorganisms, including chemolithotrophs (sulfur-oxidizing and nitrifying bacteria)
The occurrence of EPS represents an important issue in the deterioration of artworks because their complete elimination from both surface and deep layers are difficult [21] . For example, in stoneworks, biofilms induce modifications of the natural porosity of the material, have heavy biocorrosive activity, and can also function as "pollutant-absorber" [22] .
Generally, the microbial colonization of artworks is complex and strictly influenced by the different materials and environmental conditions in which artworks are located, so the full characterization of the microbial component allows to better understanding the mechanisms underlying deterioration of materials, consequently permitting to apply targeted restoration strategies. As a further difficulty, the complexity of such peculiar environments renders it even more difficult to define the whole community of resident microorganisms.
Until recently, microbiological analysis in the field of restoration has focused on the phenotypic identification of the microorganisms present on artworks. Traditional methods are based on well-known and globally endorsed microbiological techniques based on microscopy observation and/or cultural isolation, but have some important limitations. In fact, less than 10% of the bacteria present in a specific habitat can be cultured with standard laboratory methods; furthermore, even in a cultivable population, many problems can be encountered, due to media and culture conditions [18] , as well to the necessity of specific novel culturing techniques [23, 24] .
The employment of different microscopy techniques has until now supported microbiological analysis, representing an essential tool for the observation of artistic material's structure and bacterial/fungal communities. Traditional employed techniques include optical microscopy (OM), transmission electron microscopy (TEM), and scanning electron microscopy (SEM).
To overcome these problems, since the 2000s, the introduction of DNA-based methodologies, such as Real-Time PCR and genotyping identification (NGS, WGS), has been introduced in the study of microbial contaminating populations allowing the identification of most of the present microorganisms. Such molecular analyses are in fact culture-independent methods, require smaller samples, collected directly on artifacts surfaces, and are faster than traditional identification methods [25] [26] [27] . Analysis by Real-Time PCR may also enable the discrimination of viable from dead cells, as reported in several studies [28] [29] [30] .
The combined use of microscopy analysis and phenotypic/genotypic identification approaches can be usefully applied for the characterization of microbial diversity associated to biodeterioration processes in artworks, leading in the selection of the best strategy for restoration and prevention of recontamination.
The present mini-review aimed to summarize the main aspects of the biodeterioration/ biorestoration processes, with particular focus on studies of our work group and applications in Italy.
Prevention and Control of Biodeterioration
The conservation of Cultural Heritage is mainly associated with two aspects: prevention and recovery. Prevention methods (or "indirect methods") are intended to prevent and minimize the risk of microbial deterioration, inhibiting, or reducing microbial growth by controlling ambient parameters and maintaining an optimal state of cleaning and conservation. In indoor environments (museums, libraries, churches, etc.) physico-chemical parameters should be controlled and monitored, to avoid high temperature, high relative humidity, strong lighting, and poor ventilation. In addition, cleaning methods are critical in eliminating deposits of organic materials (dirt, dust), that represent a nutritive substrate for many microorganisms, and also in removing deposits of forms of biological diffusion (spores, hyphae), thus preventing microorganisms' dissemination.
In outdoor environments (such as monuments and archeological areas), the above-listed conditions cannot be efficiently controlled, and the only chance to prevent a biological attack is through routine maintenance and periodic monitoring.
Remedial methods also called "direct methods", are instead aimed at eradicating the presence of biodeteriogens organisms, and mainly involve mechanical, physical and chemical methods. Mechanical methods consist of the traditional removal of biological material with suitable tools. These are widely used methodologies but can lead to damage to the artwork and short-time effects. Physical methods include the use of ultraviolet (UV), gamma and X irradiation: even though they have high penetration power (gamma and X-ray) and good effectiveness on microorganism and insects respectively, their application is limited to artworks of transportable size [21, 31] . In addition, UV treatment might be associated with the chemical alteration of the treated substrates. On the other hand, chemical methods foresee the use of synthetic chemicals like bactericides, fungicides, insecticides. A large part of these products shows potential unwanted side-effects: possible toxicity for the operator, risk of environmental pollution, chemical reactivity, and substrate deterioration, selection, and growth of organisms other than the original ones, and possibly more dangerous for Cultural Heritage preservation [32, 33] .
Biorestoration Approach: Microorganisms as "Restorative Agents"
In the search of alternative restoration methods, safe for human and environmental health, new approaches have been recently studied and applied, involving the use of beneficial microorganisms as "restorative agents". Such innovative biotechnologies are proposed both for the recovery and conservation of artworks, thanks to the enzymatic/metabolic activities of the used microorganisms ( Figure 1 ). Microorganisms can be isolated from environment matrices, screened and selected for their ability to remove deposits of undesirable organic and inorganic substances (biocleaning activity), or for their biocalcifying capabilities, useful for consolidation of stoneworks and monuments (bioconsolidation), or as potential decontaminating agents (biological control) [34] . Due to the high level of microbial natural biodiversity, appropriate and non-pathogenic microorganisms can be selected using traditional microbiological techniques, without the need to employ genetically modified organisms (GMO) [35] . 
Bioremediation and Bioconsolidation
Bioremediation is centered on the use of bacteria with different enzymatic activities and includes the use of biocalcifying bacteria (BCB), sulfate-reducing bacteria (SRB), nitrate-reducing bacteria (NRB), and hydrolytic activity due to several enzymes, such as lipases, proteases, and carbohydrases. BCB are usually used for stone consolidation and reinforcement [40] , whereas SRB and NRB bacteria Biorestoration technologies are currently considered effective alternatives to traditional restoration methods, as reported in several studies . Biological approaches can be regarded as sustainable alternatives based on several aspects: (i) exploitation of natural "virtuous" microbial processes, as bacterial activity leads to natural release of carbon dioxide and water, so their employment can be considered environmentally friendly [36] [37] [38] ; (ii) selection of non-pathogenic microorganisms, safe to use and without recognized hazard potential [35] ; (iii) environmental safety: absence of hazardous wastes and emission, compared to chemicals methods [39] ; (iv) soft intervention on artworks [35] ; (v) lower or comparable cost compared to conventional methods [36] .
However, further research and continue monitoring of treated artworks are needed, in order to validate over time the effectiveness of bioprocesses and verify the total safety of these methodologies [35] .
Bioremediation is centered on the use of bacteria with different enzymatic activities and includes the use of biocalcifying bacteria (BCB), sulfate-reducing bacteria (SRB), nitrate-reducing bacteria (NRB), and hydrolytic activity due to several enzymes, such as lipases, proteases, and carbohydrases. BCB are usually used for stone consolidation and reinforcement [40] , whereas SRB and NRB bacteria are employed for the reduction of sulfate and nitrate salts included in the mineral matrix, respectively. In particular, SRB reduce sulfate to gaseous hydrogen sulfide and NRB reduce nitrates to gaseous nitrogen or nitrous oxide. In addition, microbial hydrolitic activity is useful for the removal of organic deposits from artworks (mainly carbohydrates, proteinaceous and lipidic residues) [34, 41, 42] .
Bioconsolidation has the purpose of reversing the deterioration of the calcareous matrix of stoneworks, mainly influenced by the natural weathering process and the climatic-environmental conditions to which the artworks are exposed. Metabolic activity of some bacteria produces calcite precipitation, with passive or active mechanisms. In passive carbonatogenesis, bacterial activity induces chemical changes in the micro-environment, leading to the accumulation of carbonate and bicarbonate ions and to the precipitation of solid particles. Passive precipitation is induced by several metabolic pathways of the sulphur and nitrogen cycle [43] . In active precipitation the carbonate particles are produced by ionic exchanges trough the cell membrane [34, 43] . Biomineralization is a widely studied process [44] [45] [46] [47] [48] ; several microorganisms have been proven to be effective in calcite precipitation for conservation purpose, for example, Bacillus pasteurii [49] , Bacillus subtilis [40, 50, 51] , Myxococcus xanthus [52] , Acinetobacter [53] , Pseudomonas, Pantoea, and Cupriavidus strains [54] . Current stone consolidation treatments are based on two strategies: the direct application of viable bacteria with biocalcifying properties (BCB), or the application of a culture medium able to induce carbonate precipitation in microorganisms present in the natural community of the treated stone [44] . Interesting results were achieved by Perito and colleagues, that proved the effectiveness of a B. subtilis cell wall fraction (BCF) in inducing calcite precipitation, testing its consolidating capability on stones both in laboratory conditions and in situ treatments [55] . A novel approach suggests the efficacy of bacterial self-inoculating treatment for consolidation of salt-damaged stones: Jroundi et al. isolated carbonatogenic bacteria from stone samples, cultured them with activating nutritive solution and re-applied the manipulate bacterial culture onto the stone samples. The incorporation of organics in calcite biominerals resulted in an organic-inorganic hybrid biomaterial, with increased bioconsolidation capacity [56] .
Biocleaning
Biological cleaning for the restoration of artworks has been studied since the early 1990s, and nowadays this technology is efficiently used for the recovery and conservation of artworks and monuments, limiting the use of conventional chemical products. Biocleaning with different viable bacteria cultures has been used for the recovery of several signs of deterioration (black crust, mineral salts deposits, organic matter residues), proving to be more effective than chemical methods in removing complex and incrusted substrates, thanks to microbial highly selective and specific enzymatic activities [57] .
For example, black crusts represent unaesthetic damages of stoneworks, produced by the combination of calcium sulfate dihydrate (gypsum) deposits on stone and soot particles derived from air pollution [21] . Desulfovibrio desulfuricans, an anaerobic sulfate-reducing bacteria (SRB) was the first microorganism evaluated as a cleaning agent for the reduction of gypsum and black crust in marble. These earliest results were obtained using the immersion system of samples in the bacterial growth medium [58, 59] . Subsequent research projects focused on confirming the effectiveness of the bacterial treatments, on the optimization of procedures, time and number of applications needed, and on finding the best delivery systems [60] . Subsequently, such biotechnique was improved by using specific strains of Desulfovibrio spp. capable of acting also out of water [61] , and aerotolerant strains of Desulfovibrio vulgaris subsp. vulgaris (ATCC 29579), together with Carbogel as the delivery system of the treatment [62] . Compared to a traditional chemical-based treatment (ammonium carbonate-EDTA mixture), the biological procedure showed homogeneous results in the removal of the surface deposits; in addition, the treatment preserved the historical layers below the crust (patina noble) and did not form undesirable secondary products [63] . After the first pioneering works, D. desulfuricans and D. vulgaris have been effectively used in bioremediation of various historic stoneworks and monuments, including the Cathedral of Milan [63] , two sculptures of J. Eberle used to decorate the Buonconsiglio Castle in Trento [64] , a section of the marble base of Pietà Rondanini in Sforzesco Castle in Milan [65] , Lazzerini's sculpture "Allegoria della Morte" in Florence [66] , and historical columns in Failaka Island [67] .
As for sulfates, nitrate salts deposits are often related to stoneworks deterioration. The formation of salt efflorescence represents also one of the main causes of deterioration of indoor wall paintings, leading to the generation of microcracks in artwork surfaces. Nitrate efflorescence can also be the result of biological processes, due to the natural aging of painting substances or residuals of restoration products [68] . In early bioremediation studies, nitrate-reducing bacteria (NRB) were applied for the reduction of nitrate salts embedded in the mineral matrix of stoneworks. Ranalli et al. were the first to ascertain the nitrate-reducing activity of a strain of Pseudomonas stutzeri on damaged stone [69] . Bioremediation with P. stutzeri was tested not only on outdoor monuments [70] , but also for the biocleaning of salt efflorescence from wall paintings, introducing an innovative delivery system based on agar carrier [71] . Besides the most investigated species of nitrate-reducing bacteria, a recent innovative study suggests the feasibility of using extremophilic bacteria, in particular Halomonas campaniensis spp., for biocleaning of nitrate crusts on stone surfaces, demonstrating also the safety of use of this kind of biological approaches [72] .
Often, the crusts have a multicomponent composition, including sulfate deposits, nitrate salts, and other compounds such as carbonates, apatite, and proteins traces. These complex matrixes have been treated by combined bioremediation strategies: SRB-Carbogel application coupled with mechanical pre-intervention on crust [73] or chemical pretreatment with a nonionic detergent [74] ; mixture of SRB (D. vulgaris ATCC 29579) and NRB (Pseudomonas pseudoalcaligenes KF707) in a multilayer biosystem [75] ; SRB added with bacterial strains able to degrade different protein matrices [76] .
As mentioned, also the presence of organic residues derived from previous or inadequate restorations can favor microbial and fungal colonization, accelerating biodeterioration phenomena.
Biorestoration treatments can also be performed for removing residues of organic substances, for example casein, egg yolk, oil, and animal fat, which are difficult to remove with other techniques. Pseudomonas stutzeri was successfully used for the removal of organic matter from wall paintings [36, [77] [78] [79] [80] [81] , including animal glue residues due to the "strappo" technique, applied between painted frescoes and the adhering gauze for detaching frescoes from walls during the Second World War. Recently, promising results were obtained by using an innovative agar-gauze biogel system, activated with viable P.stutzeri cells. In situ tests showed the need of short application times, together with easy applicability and good effectiveness, thus supporting the method as an alternative and more versatile approach to the conventional chemical-mechanical based techniques [37] . The success of biotreatments with viable microorganisms can be attributed to the high versatility of the bacteria, and their wide range of enzymatic activities, both constitutive and inducible. Their use results more effective compared to the treatment with enzymes such as proteases and collagenases, and in general the use of individual enzymes is highly specific and limited, resulting also less convenient, compared to the cost of bacterial biorestoration [36, 37] .
Biocleaning approach has recently been evaluated also for the removal of graffiti paint, a very common cause of disfigurement of monuments, buildings and other urban structures. Sanmartin et al. investigate an efficient biocleaning protocol for in situ application, reducing time of treatment and using a specific culture medium for the adaptation of bacteria to target substrate [82] [83] [84] .
Biological Methods for the Control of Microbial Contamination
Biorestoration technologies described herein (stone bioconsolidation, biocleaning of inorganic and organic deposits) are nowadays widely applied to Cultural Heritage. They are considered useful alternatives to traditional and more invasive approaches, such as chemical or mechanical methods, and proved to be effective in solving various types of damage, with the utilization of different strains of viable bacteria. So far, bacteria have been mainly harnessed for their ability to metabolize or produce inorganic compounds of restorative interest, but relatively few studies have been carried out to evaluate their use as potential decontaminating agents on artworks. Biological methods currently experimented include both the application of parasitic and antagonistic species of biodeteriogens and products of secondary metabolism of microorganisms and/or plants, defined as "green biocides". Biological control, already widely used in agriculture, is based on the use of parasitic or antagonistic organisms of the biodeteriogen ones. The utilization of biopesticides, for example, is showing increasing interest in pest control, due to target specificity, low toxicity to nontarget organisms, human being included, and low environmental impact [85] [86] [87] . However, further studies are needed for the application in the restoration field.
Biocide treatments represent traditional and widely used methods for artwork restoration. Since many chemical compounds have shown toxicity for human and animal health, as they may accumulate in animal tissue, innovative researches are aimed at developing innovative "green biocides", mainly derived from the secondary metabolism of microorganisms and/or plants.
Bacillus species are an object of great interest because they can produce a great range of secondary metabolites with biological activity [88] ; for example, some strains of Bacillus subtilis and Bacillus amyloliquefaciens are able to produce antifungal peptides [89] [90] [91] . Bioactive peptides include antifungal peptides, antifungal lipopeptides, and antimicrobial polypeptides. Microbial lipopeptide compounds are naturally produced as defense mechanisms to stress situation, like sporulation [92] . Silva and colleagues tested several Bacillus spp. strains against Cladosporium spp., Penicillium spp., Fusarium oxysporum and Aspergillus niger isolated from biodegraded mural paintings, reporting that Bacillus strains produce biosurfactant lipopeptides that inhibit fungal growth [92] . The same research team has evaluated also the toxicological risks of these Bacillus-derived bioactive compounds, reporting specific antifungal activity and the absence of toxic effects against other living organisms [93] . In recent research, the combined use of antifungal screening and molecular analysis has been suggested as a possible methodology for quick identification and subsequent efficient selection of lipopeptides-producer strains [94] . Other researches focused on the potential use of other bacterial, fungal and plant derivates as biocides agents [95] [96] [97] .
Recently, the potential use of a Bacillus-based biocompound to prevent the biodeterioration of artworks has also been reported in a paper analyzing the microbial population contaminating in a 17th century easel painting, attributed to the painter Carlo Bononi: having isolated the microbial species contaminating the painting, they were used as a target microbes in in vitro assays to test the decontaminating activity of a biocompound containing spores of specific probiotic Bacillus strains (namely B. subtilis, B. pumilus, B. megaterium) [17] . Bacillus genus includes sporogenic, ubiquitous bacteria, recognized as safe for human health except for B.anthracis and B.cereus [99, 100] .
The antimicrobial activity of species belonging to the Bacillus genus has been reported in several studies, showing the capability of Bacillus strains to counteract different types of pathogenic bacteria [101] [102] [103] . On another hand, Bacillus spores have a long history of safe use in humans and are successfully utilized as anti-fungals in agriculture [104] , and as infection-prevention agents in aquaculture and zootechnics [105] [106] [107] [108] . Notably, Bacillus spores are resistant to many physical-chemical factors, thus rendering them particularly suitable for addition to different types of solutions. When applied on surfaces, spore germination occurs originating the vegetative bacteria, which are responsible for cleaning action. Previous studies, performed by our group on hard surfaces (prevalently in the hospital environment) showed the antimicrobial activity of such Bacillus strains against several bacteria and mycetes, suggesting a potential wider use [109] [110] [111] [112] [113] [114] [115] . Bacillus action appears mainly based on enzymatic activity and competitive antagonisms, although the production of bacteriocins and other bioactive compounds might also be involved. In the field of Cultural Heritage conservation, cleaning products consisting in detergent solutions added with Bacillus spores, have been proposed for the treatment of the biological patina on stone materials, showing no interaction with stone samples (absence of decohesion, discoloration, fractures or porosity increases), and have been thus suggested as potential biological agents useful for biorestoration [98] . Accordingly with the already reported uses of Bacillus-based biocompounds, the results obtained by us on the individual bacterial/fungal species isolated from an ancient easel painting showed that selected Bacillus species can inhibit the development of all the contaminant isolates (bacteria and mycetes), confirming previous works and suggesting a potential use of such Bacillus strains for the decontamination of artworks surfaces and the prevention of their further colonization.
The studies analyzing the use and applicability of biological systems for biorestoration are summarized in Table 1 . However, studies are needed to ascertain the absence of any possible interaction between the Bacillus strains with painting substrate. Furthermore, it is important to assess the persistence in time of the treatment on surfaces, particularly in those exposed on environmental deteriorating agents; the optimization of methods and number of applications required; the evaluation of costs, in comparison with chemical compounds or other common treatments. If such studies yield positive results, Bacillus biocompounds might be used to fight and prevent biodeterioration of painting and artwork in general.
Concluding Remarks
In conclusion, biological technologies represent a promising approach for Cultural Heritage restoration, providing eco-sustainable alternatives, relatively easy to set-up and improve, and harmless for human and environmental health. More researches should evaluate if biorestoration technologies are really soft and safer, even when the cleaned artwork is subjected over time to different environmental conditions (for example indoor or outdoor relocation). Recent researches are focusing on confirming the effectiveness of biological system, the improving of methods and time of application and the selection of the most efficient delivery system for each treatment. Promising results have been achieved, for example, with an advanced delivery system (agar-gauze gel activated with bacteria) on wall paintings [37] . In addition, the potential use of specific microorganisms belonging to the Bacillus genus has been suggested as a decontaminating approach against painting's biodeteriogens [17] . Future investigation is needed, in order to monitor the safety and the effectiveness of this approach, with short-term and long-term surveillance. Rapid and routinely analyses (such as monitoring of ATP content and dehydrogenase activity) [36] are essential to monitor the biological activity and avoid undesirable effects of biorestoration processes. The confirmation of the safety of these new approaches will further favor their diffusion and wide-range application, leading to the definition of standardized protocols and cost-to-benefit evaluations.
In parallel, studies focusing on the complete understanding of the contaminating microbiota composition and on the metabolic potential of the microbial community involved in biodeterioration phenomena shall open new potential perspectives for the use of counteracting "good" microbes. To this purpose, next generation sequencing (NGS) methodologies are being adopted recently in the field of Cultural Heritage, as reviewed by Perito et al. [116] . In fact, the development/implementation of molecular techniques, such as 16S ribosomal NGS molecular analysis, to obtain the whole microbiota pathway dwelling on artworks surfaces, such as painting, easel, or stonework, would also allow the real-time monitoring of composition and modification of the microbiota, before and after bio cleaning interventions. It would be useful to understand not only the taxon composition of microbial communities on artworks, but also how those populations interact with each other and with different artworks materials. Metagenomics approaches, based on NGS or, even better, the recently developed whole genome sequencing (WGS) techniques, require non-invasive sampling, and could be usefully combined with culture-dependent techniques to investigate the biodiversity on artworks objects and the mechanisms of biodeterioration processes, thus allowing to evaluate the most effective strategies for Cultural Heritage conservation. 
